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Abstract 29 
Cyanobacteria are generally thought to be responsible for primary production and nitrogen fixation in 30 
the microbial communities that dominate Antarctic ecosystems. Recent studies of bacterial 31 
communities in terrestrial Antarctica, however, have shown that Cyanobacteria are sometimes only 32 
scarcely present, suggesting other bacteria presumably take over their role as primary producers and 33 
diazotrophs. The diversity of key genes in these processes was studied in surface samples from the Sør 34 
Rondane Mountains, Dronning Maud Land, using clone libraries of the large subunit of ribulose-1,5-35 
biphosphate carboxylase/oxygenase (RuBisCO) genes (cbbL, cbbM) and dinitrogenase-reductase (nifH) 36 
genes. We recovered a large diversity of non-cyanobacterial cbbL type IC in addition to cyanobacterial 37 
type IB, suggesting that non-cyanobacterial autotrophs may contribute to primary production. The 38 
nifH diversity recovered, was predominantly related to Cyanobacteria, particularly members of the 39 
Nostocales. We also investigated the occurrence of proteorhodopsin and anoxygenic phototrophy as 40 
mechanisms for non-Cyanobacteria to exploit solar energy. While proteorhodopsin genes were not 41 
detected, a large diversity of genes coding for the light and medium subunits of the type 2 42 
phototrophic reaction center (pufLM) was observed, suggesting for the first time, that the aerobic 43 
photoheterotrophic lifestyle may be important in oligotrophic high altitude ice-free terrestrial Antarctic 44 
habitats. 45 




The Antarctic continent is dominated by extreme environmental conditions, including limited organic 48 
nutrients, low humidity, frequent freeze-thaw and wet-dry cycles, rapid drainage, low and transient 49 
precipitation and low thermal capacity of the substratum [1]. Ice-free regions are limited to a minute 50 
proportion (~0.32%) of the continent’s surface area [2]. The Sør Rondane Mountains, located in 51 
Dronning Maud Land, East-Antarctica and home of the Belgian Princess Elisabeth Station (PES) 52 
contain an important number of ice-free mountain tops and nunataks [3]. 53 
Antarctica has a very limited fauna and flora, with just two native species of flowering plants, 54 
occurring only on the Peninsula [4, 5]. Surface substrates near the PES consist mostly of weathered 55 
rocks with relatively little organic material, given the absence of vascular plants. It is assumed that 56 
Cyanobacteria, with their ability to fix carbon dioxide and nitrogen, are the main primary producers in 57 
this barren region [6, 7]. Recent studies however, have shown that Cyanobacteria are not always 58 
highly abundant in vegetated and fell-field sites on the Peninsula and in mineral soils of the McMurdo 59 
Dry Valleys [8-10] and in such cases, other bacteria can be assumed to take over their role in carbon 60 
and/or nitrogen fixation.  61 
Of several mechanisms for carbon dioxide fixation, the Calvin-Benson-Bassham (CBB) cycle is 62 
considered to be the most important autotrophic pathway [11]. The enzyme responsible for the actual 63 
CO2 fixation in the CBB cycle is ribulose-1,5-biphosphate carboxylase/oxygenase [12]. Four different 64 
natural types of RuBisCO are known: Type I (cbbL gene) is subdivided in to a green and a red 65 
subgroup, each containing two subclasses [11]. In the green subgroup, cbbL IA is predominantly 66 
found in Alpha-, Beta- and Gammaproteobacteria, while type IB is found in Cyanobacteria, green 67 
algae and green plants [13]. The red group contains type IC, found in Alpha-, Beta- and 68 
Gammaproteobacteria [13, 14], but recently also in Verrucomicrobia [15], Firmicutes [16] and 69 
Actinobacteria [17, 18], and type ID, found in non-green algae [13, 14]. Some authors have suggested 70 
that the type I found in Verrucomicrobia and Actinobacteria may form a separate subtype in the red 71 
subgroup, type IE cbbL [15, 17, 18]. Type II (cbbM gene) is found in purple non-sulfur bacteria, 72 
aerobic and facultative anaerobic chemoautotrophic bacteria and dinoflagellates [19, 20]. RuBisCO 73 
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type III has only been found in Archaea [21]. Finally, type IV RuBisCO is designated as RuBisCO-74 
like [14] and is considered not to be involved in the Calvin cycle [22]. 75 
Besides fixation of carbon dioxide, biological nitrogen fixation, a multistep process catalyzed by the 76 
nitrogenase enzyme complex [23], is also very important in Antarctic soils [24, 25]. The nitrogenase 77 
complex is composed of two metalloproteins: dinitrogenase and dinitrogenase-reductase. The latter, 78 
encoded by nifH, is very useful in phylogenetic studies because of its conserved nature [26] and high 79 
level of congruence with 16S rRNA gene phylogeny [27]. 80 
Both nitrogen and carbon dioxide fixation require a substantial amount of ATP. In the poor soils of the 81 
ice-free zones in continental Antarctica, sunlight – an abundant energy source during the Antarctic 82 
summer – may therefore represent an important resource, also for non-Cyanobacteria. Over the past 83 
decades, several alternative light-harvesting mechanisms, including microbial rhodopsins and aerobic 84 
anoxygenic phototrophy, have been discovered. By far the most abundant family of microbial 85 
rhodopsins, proteorhodpsins (PR) is found in Bacteria where these membrane embedded light-driven 86 
proton pumps contribute to proton motive force [28, 29]. They have been reported from diverse 87 
marine and non-marine habitats [30]. To our knowledge, their presence in Antarctica, however, has 88 
not been reported. 89 
The aerobic anoxygenic phototrophic bacteria (AAP) are photoheterotrophs that can use 90 
bacteriochlorophyll a to harvest light energy. Light-mediated CO2 incorporation also occurs, although 91 
this activity is rather low [31] and remains controversial [32]. Diversity of AAP has been examined by 92 
screening the pufL and pufM genes, which encode the light and medium subunit of the type 2 93 
photoreaction center [33]. Until now, AAP have been predominantly documented in the Alpha-, Beta- 94 
and Gammaproteobacteria (purple bacteria) [34, 35], although the light-harvesting complex is also 95 
present in anaerobic green non-sulfur bacteria, heliobacteria and other Firmicutes [36, 37]. Previous 96 
studies have revealed presence of AAP in various aquatic habitats, ranging from the world’s oceans 97 
[38-42] to inland lakes [34, 35, 43, 44] and even Antarctic sea ice [45]. Until today, little is known 98 
about the presence and diversity of AAP in terrestrial environments, including continental Antarctica.  99 
We hypothesized that in ice-free areas of terrestrial Antarctica, in addition to Cyanobacteria, other 100 
prokaryotic primary producers, and bacteria that exploit solar energy, may contribute to carbon and/or 101 
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nitrogen fixation. Our area of study was the Sør Rondane Mountains, in the vicinity of the PES, where 102 
a previous pyrosequencing study indicated scarcity of Cyanobacteria in some of the samples of 103 
terrestrial microbial mats [46]. The aim of this study was to investigate terrestrial samples for the 104 
presence and diversity of primary producers and other bacteria exploiting sunlight, by targeting cbbL 105 
and cbbM genes (RuBisCO), nifH (nitrogen fixation), pufLM (phototrophy with type 2 reaction centers, 106 
including AAP) and proteorhodopsin genes. This work represents the first study of these mechanisms 107 
in oligotrophic high altitude soils of the Sør Rondane Mountains and is the first report of the possible 108 
presence of AAP in terrestrial Antarctic samples. 109 
 110 
Methods 111 
Sample collection and environmental data 112 
Surface samples consisting of weathered granite parent material (depth of 0 to 5 cm) were taken 113 
aseptically during the Antarctic summer of 2009 near the Princess Elisabeth Station (71°57’S, 23°20’E) 114 
at Utsteinen, Sør Rondane Mountains, East Antarctica. Upon collection, samples were frozen at -20°C 115 
until processing. Four samples were used in this study: KP15, KP43 and KP53 were collected on the 116 
Utsteinen ridge in the immediate vicinity of the PES, KP2 was collected on the north face of the 117 
nunatak 1.3 km south of the research station (Fig. 1). Sample description, coordinates, altitude, 118 
geochemical parameters (pH, water content, total organic carbon (TOC) and conductivity) and relative 119 
abundance of Cyanobacteria according to Tytgat et al. (unpublished data) are listed in Table 1. 120 
 121 
Isolation of DNA 122 
Seven DNA extraction methods were tested and their performance to yield maximum diversity of 123 
bacterial DNA from Antarctic terrestrial surface samples was verified by denaturing gradient gel 124 
electrophoresis of partial 16S rRNA and partial pufM genes. The PowerLyzer® PowerSoil® DNA 125 
isolation kit (MoBio Laboratories) performed best (Fig. S1) and was therefore used for analyzing the 126 
samples. Total genomic DNA was extracted in triplicate from 400 mg of homogenized sample, 127 
following the manufacturer’s protocol. The lysis step was performed using an alternative protocol 128 
6 
 
separately provided by the manufacturer. Briefly, 500 µl phenol:chloroform:isoamylalcohol (25:24:1), 129 
500 µl Bead Solution and 60 µl of C2 solution were added to a PowerLyzer™ Glass Bead Tube 130 
together with 400 mg of sample. Tubes were bead beaten for 10 minutes (30.0 Hz) and the supernatant 131 
was transferred to a clean 2 ml collection tube. A volume of 150 µl of component C3 was added and 132 
tubes were cooled for 5 minutes at 4°C, after which the original protocol was continued. Extracted 133 




For every DNA extract, a PCR was performed in triplicate in a total volume of 25 µl containing 0.2 138 
mM of each deoxynucleotide triphosphate (dNTP), 1X Qiagen PCR buffer (Qiagen), 0.625 units of 139 
Qiagen Taq DNA polymerase (Qiagen), 100 µM bovine serum albumin (BSA), 3 µl of template 140 
solution and a forward and reverse primer (Table 2). Amplification was performed using a Veriti 141 
thermal cycler (Life Technologies). The temperature profiles of all PCRs are shown in Table 2. For 142 
each sample and primer set, all nine PCR products (3 replicate DNA extracts x 3 replicate PCRs), 143 
showing bands of the expected size, were pooled and purified using a Nucleofast 96 PCR clean up 144 
membrane system (Macherey-Nagel) and Tecan Genesis Workstation 200 (Tecan). 145 
 146 
Clone library construction and sequencing 147 
Purified PCR products were cloned with a pGEM®-T Vector System II (Promega) following the 148 
manufacturer’s instructions, in duplicate or triplicate. Competent Escherichia coli JM109 cells were 149 
transformed with the ligation product and screened using blue/white coloration. For each sample, 150 150 
white transformants of each PCR type were purified by streaking. To release plasmid DNA, cells were 151 
suspended in 15 µl of MilliQ water and lysed by heating to 100°C (10 min). Inserts were amplified 152 
using the T7/SP6 primer set (Promega) in a 25 µl reaction mixture containing 1 µl of DNA solution, 153 
1X Qiagen PCR buffer (Qiagen), 0.2 mM of each dNTP, 0.1 µM of each primer, 0.3125 units of 154 
Qiagen Taq polymerase (Qiagen) and 0.5 µl MgCl2 (25 mM). Amplification was carried out as follows: 155 
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95°C (5 min), 3 cycles of 95°C (1 min), 49°C (2 min 15 sec), 72°C (2 min 15 sec) and 30 cycles of 156 
95°C (35 sec), 49°C (1 min 15 sec), 72°C (1 min 15 sec). A final extension at 72°C (7 min) and 157 
subsequent cooling at 4°C completed the reaction. PCR products of the expected size were purified as 158 
described above and gene fragments were sequenced with primers T7 and SP6 and the original 159 
amplification primers (Table 2) using a BigDye Xterminator™ purification kit (Applied Biosystems) 160 
and an ABI PRISM 3130xl Genetic Analyzer (Applied Biosystems). 161 
 162 
Analysis of clones 163 
For each functional gene, a custom-made database was prepared in BioNumerics 7.5 (Applied Maths) 164 
by downloading all related sequence records from the NCBI and IMG (https://img.jgi.doe.gov/) [47] 165 
databases as available per December 1
st
 2014. Redundant sequences were not removed not to lose 166 
metadata information on the habitats reference sequences originated from. Records were manually 167 
checked to eliminate low-quality sequences (i.e. presence of stop codons, ambiguous bases, indels). 168 
Newly obtained sequences were added to the corresponding BioNumerics database using the 169 
Assembler module. For all clones, between 4 and 8 overlapping sequences were assembled. Vector 170 
sequences and amplification primer sequences were trimmed off and sequences were manually curated. 171 
For additional quality curation, nucleotide sequences were translated into amino acids using MEGA 6 172 
[48]. Putative chimeric sequences (detected using the Uchime module in Mothur [49, 50]), sequences 173 
with no similarity to our genes and sequences that were too short (≥ 1 AA) or contained stop codons 174 
were removed from the dataset before further analysis. For rarefaction analysis, binning at both 95% 175 
and 100% nucleotide sequence identity and 100% protein sequence identity was performed using the 176 
“Fill field with cluster number” option in BioNumerics 7.5. For phylogenetic analyses of cbbL, nifH 177 
and pufLM, all unique protein sequences were included. They are referred to as operational RuBisCO 178 
units (ORU), operational nitrogenase units (ONU) and operational puf units (OPU). For each gene, a 179 
first amino acid alignment was made with all sequences present in our database (nifH: 46.371; pufLM: 180 
3.706; cbbL type IA, IB, IC: 8.004), using Clustal Omega [51, 52]. Alignments were trimmed to the 181 
size of our cloned fragments and visually inspected, excluding all non-overlapping sequences or 182 
sequences that were too short (≥ 1 AA) from further analysis. These alignments were used to construct 183 
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a maximum likelihood (ML) tree (1.000 bootstrap replicates) with FastTree software [53] using the 184 
Whelan and Goldman evolutionary model and the discrete gamma model with 20 rate categories. 185 
Analysis of the cbbL IA/IB sequences, together with reference data, resulted in a final tree containing 186 
2.103 protein sequences. For cbbL IA/IC, nifH and pufLM, these trees contained 3.610, 26.370 and 187 
3.529 protein sequences respectively (data not shown). From the resulting phylogenetic trees, closest 188 
relatives of our newly obtained clone sequences as well as representative sequences from the entire 189 
tree were selected in order to prepare a smaller tree representing the initial complete tree, following the 190 
same protocol. Trees were visualized using the iTOL software [54, 55]. Clone sequences sharing the 191 
same nearest neighbor were grouped into clusters. 192 
 193 
Statistical analyses 194 
Statistical analyses of clone sequences were performed using the Vegan package [56] in R 195 
(http://cranr-project.org). The total expected number of OTUs was determined by rarefaction analysis. 196 
For all clone libraries, different indices, based on derived protein sequences, were calculated, 197 
including evenness (Pielou), species richness (Chao1), and Bray-Curtis dissimilarity. 198 
 199 
Accession numbers 200 
The sequences determined in this study have been deposited in the National Center for Biotechnology 201 
GenBank database under the accession numbers KT154121 to KT154253 (IA/IB cbbL sequences), 202 
KT154254 to KT154456 (IA/IC cbbL sequences), KT154018 to KT154120 (nifH sequences) and 203 
KT154457 to KT154682 (pufLM sequences). 204 
 205 
Results 206 
Four terrestrial samples (Table 1), collected in the proximity of the Belgian Princess Elisabeth Station, 207 
were examined. To target different subtypes of the cbbL gene, coding for RuBisCO type I, two primer 208 
sets were used, RubIgF/R and K2f/V2r which robustly capture subtypes IA/IB and IA/IC, respectively 209 
(Fig. S2, Table 2) [21, 57-62]. A total of 353 clones of subtypes IA/IB and 444 of types IA/IC were 210 
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obtained (Table 3). The cbbM gene (type II RuBisCO) failed to amplify from all four samples even 211 
though a recently designed primer set reported to target a broad diversity of the gene was used (Table 212 
2) [63]. For nifH and pufLM, a total of 339 and 317 clones were obtained in this study (Table 3). 213 
Proteorhodopsin genes failed to amplify from all four samples. 214 
When applying OTU binning at 95% DNA similarity, for all clone libraries rarefaction curves reached 215 
saturation (Fig. 2), reflecting that at a 5% DNA divergence level the number of OTUs is relatively 216 
limited. Indeed, for cbbL subtypes IA/IB, cbbL subtypes IA/IC, nifH and pufM at 95% DNA sequence 217 
similarity 14, 43, 3 and 21 OTUs were recovered (Table 3). However, analysis of unique protein 218 
sequences or unique DNA sequences indicated that not all diversity was sampled as graphs were still 219 
rising (Fig. 2), in line with overall coverage values of about 35 to 50% (Table 3). 220 
For the cbbL gene the two primer sets used to amplify subtypes IA/IB and IA/IC target slightly 221 
different but overlapping regions of the gene that were therefore investigated separately (Fig. S2, 222 
Table 2). For both primer sets, at least 98 high quality sequences were retained per sample, except for 223 
samples KP15 and KP53, where fewer sequences were obtained for one of the primer sets (Table 3). 224 
The coverage based on estimated species richness (Chao1) for the separate samples was only between 225 
23.1% and 79.2% for IA/IB and between 27.1% and 74.7% for IA/IC, whereas the total coverage of 226 
the IA/IB and IA/IC libraries was only 35.4% and 40.7%. The overall evenness of the clone libraries 227 
was quite high in all the cases. Only for cbbL clone libraries of sample KP43, the value was lower. 228 
Finally, Bray-Curtis dissimilarity analysis revealed that, with the available data, very little overlap 229 
exists between the data from all terrestrial samples (Table 3, Fig. 3). 230 
For cbbL IA/IB, the 353 clones were binned into 98 ORUs that had a unique amino acid sequence. 231 
Similarly, for types IA/IC, a total of 158 ORUs were defined from 444 clones (Table S1). For both 232 
subtypes, most ORUs comprised only one or two derived protein sequences and little overlap existed 233 
between ORUs originating from different terrestrial samples (Fig. 3). After maximum likelihood 234 
analysis of the cbbL IA/IB sequences, together with reference data, all 98 ORUs grouped into 9 visual 235 
clusters and 3 separate ORUs dispersed between other available sequence data (Fig. 4). Clusters 4 to 9 236 
and two separate ORUs grouped with cyanobacterial type IB. The number of type IB sequences 237 
recovered from samples KP2, KP15, KP43 and KP53, was 115, 35, 15 and 4, respectively (Table 4). 238 
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Blast searches revealed none of them to be similar to eukaryotic cbbL. They made up 50 ORUs that 239 
showed very little overlap between samples. In fact, only two visual clusters (clusters 6 and 7) (Table 240 
4) in the ML tree (Fig. 4) contained ORUs recovered from multiple samples. Most type IB ORUs 241 
contained sequences originating from a single sample. The type IB sequences showed a clear 242 
taxonomic grouping of Cyanobacteria with clusters of Oscillatoriales, Nostocales and Chroococcales 243 
sequences (Fig. 4) and two clone clusters (4 and 8) showed a close affiliation to Chroococcales cbbL 244 
IB sequences. Separate ORU KP2.RuBisCO.AB.Clone89 and clusters 5 – 7, all from samples KP43 245 
and KP53, grouped with sequences of Nostocales, while cluster 9 and singleton 246 
KP15.RuBisCO.AB.Clone61 grouped with the Oscillatoriales. Our type IB sequences mostly appear 247 
cosmopolitan as their closest relatives originate from samples taken in a variety of ecosystems all over 248 
the world. A few (e.g. KP15.RuBisCO.AB.Clone61, Cluster 8, Cluster 9), however, have a sequence 249 
from Antarctica or other cold environments as closest neighbor (Table 4) [21, 64].  250 
Cluster 3 plus a separate ORU grouped with type IA and these sequences showed a close affiliation 251 
with the cbbL type IA sequence from Bradyrhizobium sp. BTAi1 (Fig. 4). Remarkably, despite the 252 
amplification with primers targeting only type IA/IB, two clusters (1 and 2) grouped with type IC 253 
sequences (Fig. 4), in particular with unnamed clone sequences obtained from Chinese arid (Accession 254 
no. FR849177, FR849160, FR849127) and German agricultural (Accession no. AY572135) soil.  255 
A similar analysis of the clone sequences for cbbL IA/IC grouped all 148 ORUs into 16 clusters and 256 
26 separate ORUs (Fig. 5, Table 4). Only 1 separate ORU, containing one sequence 257 
(KP15.RuBisCO.AC.Clone113), grouped with sequences of type IA. It grouped with the cbbL IA 258 
sequence of Bradyrhizobium sp. BTAi1, as was the case for all type IA sequences obtained with the 259 
other primer set. The remaining 147 ORUs, containing 443 sequences, all grouped with cbbL IC 260 
(Table 4). Apart from cluster 12 which grouped with Nocardia species and cluster 16, which grouped 261 
with Nitrosospira species, most new cloned sequences grouped with sequences of other uncultured 262 
bacteria (Fig. 5, Table 4). 263 
For amplification of a ~360 bp fragment of the nifH gene, a degenerate primer set, previously 264 
described by Poly and colleagues [65], was used. The primers target two of the three main conserved 265 
nifH regions, that have been used to design nearly all existing nifH primers [66]. For sample KP53, no 266 
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successful amplification could be obtained. For the other samples, amplification was successful: 115, 267 
119 and 105 clones were retained for samples KP2, KP15 and KP43 respectively (Table 3). Overall, 268 
62 ONUs were obtained. Bray-Curtis dissimilarity again revealed hardly any overlap between the data 269 
from different samples, except for samples KP2 and KP15 (Table 3), which shared 4 protein 270 
sequences (Fig. 3), of which one (ONU 1) was recovered from all three samples (KP2: 85 clones, 271 
KP15: 92 clones, KP43: 5 clones) (Table S1). The overall coverage of the nifH clone libraries, based 272 
on the Chao1 parameter, was highest for sample KP43 (45.8%), but dropped to 44.4% and 27.5% for 273 
clone libraries of KP15 and KP2 respectively. Evenness was low for all samples (Table 3). After 274 
maximum likelihood analysis of the protein sequences, together with our nifH database sequences, 275 
revealed all our ONUs to group with Cyanobacteria (Fig. 6). They formed one cluster together with 276 
several Nostocales reference strains, especially Nostoc (Table 4). 277 
For amplification of pufLM genes a degenerate primer set was used (Table 2) that amplifies a ~1500 278 
bp long fragment, providing additional sequence information compared to other primer sets that only 279 
amplify small parts of the pufL or pufM gene. All samples, except for KP2, showed successful 280 
amplification. Cloning resulted in 98, 98 and 121 positive sequences for samples KP15, KP43 and 281 
KP53 respectively (Table 3).  282 
Analysis of the complete ~1500 bp fragment revealed 193 OPUs with a unique amino acid sequence 283 
(data not shown). To date, most available sequences comprise a smaller part of the pufM gene. 284 
Therefore, to broaden phylogenetic analysis by comparing our new sequences with as much reference 285 
data as possible, only this small part of the pufM gene, covering 58 AA, was used for further analysis. 286 
This increased the reference data in the phylogenetic analysis by 17 times, while reducing our 287 
sequences to 49 unique OPUs (Table S1), 46 of which consisted of sequences originating from just 288 
one of the terrestrial samples. Of the other 3 OPUs, two (OPU 22 and OPU 40) were shared between 289 
three terrestrial samples and one (OPU 2) between samples KP15 and KP53 (Fig. 3). 290 
Bray-Curtis analysis indicated samples KP43 and KP53 to show only 57% dissimilarity, while all 291 
other relationships show a very high dissimilarity (Table 3). Evenness was highest for the KP15 292 
library (81.4%) and 49.6% and 52.5% for the KP43 and KP53 libraries respectively. Coverage of the 293 
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libraries was 62.8%, 91.4% and only 30.4% for samples KP15, KP43 and KP53, respectively (Table 294 
3). 295 
For phylogenetic analysis, a maximum likelihood tree (1.000 bootstraps), was generated (Fig. 7), in 296 
which the 49 OPUs could be grouped in 6 visual clusters and five separate OPUs (Table 4). Sequences 297 
obtained from sample KP15 proved to be the most diverse, with OPUs belonging to all six clusters and 298 
all five separate OPUs. Sequences from samples KP43 and KP53 were much less diverse, belonging to 299 
only two and three of the visual clusters, respectively (Table 4). 300 
Only for cluster 5 and singleton KP15.pufLM.Clone55, the closest affiliated unknown pufM sequences 301 
(Accession no. KC900142 and KC900120) also originates from Antarctica (Fig. 7), however, they 302 
were not found in a terrestrial environment, but in surface water from Great Wall Cove, King George 303 
Island, Antarctica. Furthermore, cluster 1 and singleton KP15.pufLM.Clone13 (Fig. 7) group with 304 
unknown pufM sequences originating from Chinese paddy soil samples [67-69]. Clusters 2 and 3, and 305 
singletons KP15.pufLM.Clone14, -Clone55 and –Clone78 grouped into a larger cluster (from 306 
Sphingomonas sp. PB56 [AY853583] to Sphingomonas echinoides ATCC 14820 [NZ_JH584235]) 307 
(Fig. 7) of pufM sequences belonging mainly to organisms of the alphaproteobacterial orders of the 308 
Rhizobiales, originating from terrestrial and aquatic environments, and Sphingomonadales, 309 
predominantly originating from aquatic environments.  310 
 311 
Discussion 312 
Based on previous research, where Cyanobacteria were reported in small numbers in some exposed 313 
Antarctic communities [8-10], we hypothesized that other members of the bacterial community may 314 
take their role as primary producers in the oligotrophic soils of the Antarctic continent. We 315 
investigated this in four samples from soils near the Princess Elisabeth Station in the Sør Rondane 316 
Mountains. As part of a larger biogeographic study these samples were recently included in Illumina 317 
sequencing of 16S rRNA genes (Tytgat et al, unpublished data) and preliminary analyses indicate that 318 
Cyanobacteria make up 0.04 to 51.85% of the reads recovered from our four samples (Table 1). We 319 
studied the diversity of genes encoding RuBisCO as a marker for phototrophic and chemolithotrophic 320 
primary producers and the nitrogenase gene nifH as a marker for nitrogen fixation. The scarcity of 321 
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organic matter and abundant availability of sunlight would favor bacteria that are able to exploit the 322 
latter resource. Therefore we also investigated the diversity of type 2 phototrophic reaction centers 323 
(pufLM genes), which are also found in aerobic photohetertrophs, and PR light harvesting systems. 324 
Few studies have reported the presence and diversity of cbbL and/or cbbM genes in Antarctica, most 325 
of them investigating aquatic ecosystems [21, 70, 71], leaving the ice-free terrestrial regions 326 
unexplored. Here, two different degenerate primer sets were used to target the diversity of RuBisCO 327 
type I (cbbL gene) in soils near the Princess Elisabeth Station. The first amplified both types IA and IB, 328 
the second types IA and IC. This division of RuBisCO type I into different subtypes can be seen 329 
clearly in the phylogenetic trees (Fig. 4 and Fig. 5). The cbbL type IC, previously found in Alpha-, 330 
Beta- and Gammaproteobacteria, Verrucomicrobia, Firmicutes and Actinobacteria, was the most 331 
frequently recovered type in all samples (202 ORUs) (Table 4) and showed very high diversity, 332 
making up 18 clusters and 26 separate ORUs (Fig. 4 and Fig. 5, Table 4), suggesting the presence, in 333 
the terrestrial areas near the Belgian base, of multiple non-cyanobacterial autotrophs, presumably 334 
belonging to a wide range of taxa. Remarkably, the primer set targeting types IA/IB also picked up a 335 
large number of type IC sequences from samples KP43 and KP53 (108 and 72 sequences respectively) 336 
(Table 4), indicating that the primer set, although successfully amplifying only cbbL IA/IB in previous 337 
studies [58, 59, 72-74], is not 100% specific for these two subtypes. 338 
Type IA cbbL, typical of Alpha-, Beta- and Gammaproteobacteria, was amplified only in sample 339 
KP15 with a very limited diversity of only 4 ORUs (5 DNA sequences), despite the use of two primer 340 
sets that target this type (Table 4). Possible reasons for this low diversity of type IA may be a primer 341 
bias, the absence or low abundance of the targeted cbbL type IA. Based on literature data, the latter 342 
may be the case, as both primer sets were shown to display only limited bias amongst the different 343 
cbbL types [62] and they successfully amplified type IA in other studies [21, 57, 58, 60-62]. A further 344 
possibility is the presence of slightly different type IA genes that were not picked up by the primers. 345 
Primer mismatch is a weakness for all PCR-based diversity surveys and may cause a portion of the 346 
actual diversity to be missed. 347 
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Finally, a large diversity of cyanobacterial cbbL type IB was recovered (Fig. 4). While there was very 348 
little overlap between samples, KP2 and KP15 yielded the most diversity, in line with the higher 349 
relative abundance of Cyanobacteria in those samples (Tables 1 and 4).  350 
Taken together, the diversity of RuBisCO type I sequences recovered with two primer sets from the 351 
terrestrial Antarctic samples revealed a larger relative diversity of non-cyanobacterial primary 352 
producers (202 ORU of type IC and 4 ORU of type IA) than Cyanobacteria (50 ORU), confirming our 353 
hypothesis that these groups may potentially contribute to primary production in these systems. 354 
Furthermore, the presence of cbbL type IA sequences similar to those retrieved from the 355 
alphaproteobacterium Bradyrhizobium sp. BTAi1, type IB sequences from Oscillatoriales, Nostocales 356 
and Chroococcales, and type IC from Nitrosospira and Rubrivivax corroborates previous reports from 357 
Antarctic or subglacial environments [21, 75]. 358 
It should be noted that while many of the clone sequences show relatively high similarity to sequences 359 
of cultivated bacteria, this does not imply taxonomic relatedness. The cbbL phylogeny shows a high 360 
degree of incongruency with the 16S rRNA phylogeny, due to horizontal gene transfer and gene 361 
duplication associated with differential gene loss [76]. Considering the type of habitat related 362 
reference sequences originate from, no clear grouping of cold habitat sequences was apparent for any 363 
of the cbbL types (Table 4). 364 
Previous studies reported the presence of type II RuBisCO in Antarctica [70, 71], however, despite the 365 
use of a primer set recently shown to amplify a 700-800 bp fragment of the cbbM gene in a broad 366 
variety of bacteria [63], no positive amplification or no amplicon of the correct size could be obtained 367 
from our samples (data not shown). These results imply that type II RuBisCO sequences are absent or 368 
below the detection limit in our samples or that they do not match the primers used.  369 
We also studied the diversity of dinitrogenase-reductase (nifH) genes to assess to what extent nitrogen 370 
fixation might be performed by non-cyanobacterial taxa. The primer set used targets a broad variety of 371 
Alpha-, Beta- and Gammaproteobacteria, Gram positive bacteria and only a small percentage of 372 
known cyanobacterial nifH sequences [65, 66]. All obtained sequences, however, showed a close 373 
relationship to known nifH sequences belonging to Nostocales cyanobacteria and especially the 374 
heterocystous cyanobacterium Nostoc. No non-cyanobacterial sequences were recovered, suggesting 375 
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that non-Cyanobacteria contribute little to nitrogen fixation in these terrestrial Antarctic samples. 376 
Although we recovered mostly Nostocales-affiliated nifH sequences, this does not imply these are the 377 
main nitrogen fixers because the primers used did not target the majority of Cyanobacteria [66]. Since 378 
rarefaction curves based on unique sequences did not reach saturation (Fig. 2) and coverage estimates 379 
are below 50% (Table 3), it is possible that other Cyanobacteria as well as non-Cyanobacteria may 380 
contribute to nitrogen fixation in the terrestrial Antarctic. The presence of Nostocales Cyanobacteria, 381 
and in particular Nostoc, in our terrestrial Antarctic samples as suggested by nifH findings, is 382 
corroborated by the cbbL type IB data (Fig. 4). Nostoc is indeed frequently found in Antarctic 383 
environments [7, 9, 77, 78] as well as other terrestrial ecosystems characterized by aridity and nutrient 384 
limitations [79]. Its success in these extreme environments is due to its ability to remain desiccated for 385 
extended periods of time and, after rehydration, recover its metabolic activity completely within hours 386 
to days [79]. Moreover, Nostoc can withstand repeated cycles of freezing and thawing, a typical 387 
Antarctic environmental condition [80, 81]. No particular psychrophilic nitrogenase associations could 388 
be detected: the most closely related nifH sequences originated from a variety of ecosystems from all 389 
over our planet (Table 4). 390 
In the present study, two mechanisms to harvest sunlight were examined. The first, proteorhodopsin, 391 
has been almost exclusively studied in aquatic ecosystems, including from Arctic and Antarctic marine 392 
environments [82-84]. Nevertheless, PR-like variants have been found in Siberian permafrost samples 393 
[30], suggesting that they could also play a role in continental Antarctica. However, proteorhodopsin 394 
genes were not detected in any of the samples tested here, despite the use of multiple primer sets 395 
(Table 2), amplifying proteorhodopsin in a wide range of bacteria [82, 83, 85, 86]. Possibly 396 
proteorhodopsins are not abundant or maybe not present at all in these soils. Another likely 397 
explanation may be that the terrestrial Antarctic variants of proteorhodopsin are not targeted by these 398 
primer sets: as most reference data are from marine systems, the available primers may not fully 399 
capture terrestrial proteorhodopsin diversity. 400 
A second mechanism to harvest sunlight that was investigated here is anoxygenic phototrophy using 401 
type 2 reaction centers, encoded by pufLM genes and found in Chlorofexaceae, Purple sulfur bacteria, 402 
Purple non-sulfur bacteria and AAP [87]. Diverse pufLM genes were recovered from all but one 403 
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samples, indicating that anoxygenic phototrophs are present. We did not recover sequences 404 
representative of strictly anaerobic photoautotrophic Purple sulfur bacteria or Chloroflexi and only 405 
cluster 6 grouped among sequences of Purple non-sulfur bacteria (Fig. 7). Most of our clusters 406 
grouped among diverse lineages originating from aerobic photoheterotrophic taxa of Alpha- and 407 
Betaproteobacteria referred to as AAP (Fig. 7). Studies on AAPs in soils are extremely rare to date. 408 
Only Feng and colleagues [67-69, 88, 89] investigated their presence in paddy soils from China and in 409 
Arctic soils. Other studies to date focused on aquatic ecosystems [41, 45, 90], where it has been shown 410 
that AAP represent an important part of the total bacterial community [91]. This work, with the Sør 411 
Rondane Mountains as area of study, represents the first report of AAP bacteria in Antarctic soils. 412 
Since to date most available sequences only comprise a small part of the 3’ side of the pufM gene, this 413 
58 AA long region was used for analysis. When expanding sequence data to the larger, originally 414 
obtained pufLM protein sequences, these affiliations with known AAP bacteria can still be seen, 415 
indicating that this 58 AA long region of pufM is indeed a useful indicator for pufLM phylogeny. In 416 
the terrestrial samples, a high diversity of pufM genes was present and clear differences were observed 417 
between the samples. Combined with the samples’ conductivity data (Table 1) – and consequently 418 
salinity – a tentative correlation with pufM diversity could be seen, as diversity decreased when 419 
conductivity increased. This inverse correlation between salinity and pufM diversity was consistent 420 
with previous observations in aquatic ecosystems [44, 90]. The opposite correlation, however, has also 421 
been found [34]. 422 
Most of the pufM diversity recovered here affiliated with alphaproteobacterial pufM (Table 4, Fig. 7), 423 
an observation made previously in the Arctic [88] and Antarctic [43, 45], but also in Chinese paddy 424 
soils [68]. Furthermore, some of the alphaproteobacterial-like OPUs were found grouping with pufM 425 
sequences originating from Sphingomonadales bacteria, an order that has previously been shown to be 426 
present in soils of the Sør Rondane Mountains [92]. Gammaproteobacterial-like pufM sequences were 427 
also found in our samples (Table 4, Fig. 7), but contributed less to the general pufM diversity, as was 428 
the case for Arctic soils [88], but not Antarctic sea ice and seawater, where no pufM of the 429 
gammaproteobacterial group was detected [45]. Again, no clear psychrophilic pufM groupings could 430 
be deduced from the geographic origin of these closest relatives, as they originate from marine and 431 
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terrestrial environments from all over the world, a trend that could also be seen for the other functional 432 
genes (Table 4). 433 
 434 
Conclusion 435 
Overall, the data presented in this study suggest that, in soils in the vicinity of the Princess Elisabeth 436 
Station, a broad diversity of microorganisms harboring RuBisCO genes is present. Type IA was only 437 
scarcely recovered and all sequences showed close affiliation to the cbbL type IA sequence of 438 
Bradyrhizobium sp. BTAi1. Non-cyanobacterial type IC was dominantly retrieved and appeared to be 439 
more diverse than cyanobacterial type IB in the bacterial autotrophic communities near the research 440 
station, and may potentially contribute to the input of organic matter into the oligotrophic Antarctic 441 
systems. The nifH diversity recovered was low, as only sequences affiliated with Nostocales were 442 
recovered from our samples, suggesting non-Cyanobacteria are not important contributors to nitrogen 443 
fixation in the poor Antarctic soils. Our study of mechanisms to harvest solar energy could not detect 444 
rhodopsin genes. However, it did, for the first time, show the presence of aerobic anoxygenic 445 
phototrophic bacteria in Antarctic soils, suggesting that photoheterotrophy may be a useful life 446 
strategy during the austral summer. 447 
The functional genes studied here did not appear to show Antarctic types: the majority of sequences 448 
grouped among neighbors from various ecosystems worldwide. For all genes coverage estimates and 449 
rarefaction analysis of unique sequences, however, showed that saturation was not reached, indicating 450 
that a large proportion of diversity remains unknown. Consequently, more large-scale analyses, 451 
including deep sequencing, is required to assess the diversity of these systems. 452 
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Fig. 1 Location of the Princess Elisabeth Station (base of flag post) in the Sør Rondane Mountains, 459 
East-Antarctica and, from left to right, photographs of the terrestrial samples used in this study (KP2, 460 
KP15, KP43 and KP53) 461 
 462 
  463 
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Fig. 2 Rarefaction curves based on OTUs grouping clones that have 95% and 100% similarity for 464 
nucleotide sequences, and 100% for protein sequences. Analysis was performed using the Vegan 465 
package in R 466 
 467 
  468 
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Fig. 3 Unweighted Venn diagram of gene protein ORUs/ONUs/OPUs, calculated using the 469 
VennDiagram package (http://cran.r-project.org/web/packages/VennDiagram/index.html) in R. 470 
Colored areas show the number of ORUs/ONUs/OPUs present in the terrestrial samples or shares 471 
between multiple samples 472 
 473 
  474 
21 
 
Fig. 4 Maximum likelihood phylogenetic tree (1.000 bootstrap replicates) of cbbL IA and IB amino 475 
acid sequences (267 AA). Scale bar indicates 0.1 substitutions per amino acid position. Clones are 476 
named by terrestrial sample_gene name_index number. Separate ORUs are labelled in bold. Accession 477 
numbers are listed next to each sequence name. Bootstrap values < 70% are not shown. cbbM 478 
sequences of Rhodopseudomonas palustris BisB5, Rhodobacter sphaeroides ATCC 17029, 479 
Polaromonas naphthalenivorans CJ2, Thiomicrospira crunogena XCL-2 and Thiobacillus 480 
denitrificans ATCC 25259 (accession numbers CP000283, CP000578, CP000529, CP000109 and 481 
CP000116) were used as an outgroup. Different Cyanobacterial orders are labelled with a colored bar. 482 
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Fig. 5 Maximum likelihood phylogenetic tree (1.000 bootstrap replicates) of cbbL IA and IC amino 486 
acid sequences (154 AA). Scale bar indicates 0.1 substitutions per amino acid position. Clones are 487 
named by terrestrial sample_gene name_index number. Separate ORUs are labelled in bold. Accession 488 
numbers are listed next to each sequence name. Bootstrap values < 70% are not shown. cbbM 489 
sequences of Rhodopseudomonas palustris BisB5, Rhodobacter sphaeroides ATCC 17029, 490 
Polaromonas naphthalenivorans CJ2 and Thiomicrospira crunogena XCL-2 (accession numbers 491 
CP000283, CP000578, CP000529 and CP000109) were used as an outgroup. Visual clades are 492 
displayed as gray triangles. Total branch lengths to the closest and the farthest leaf are used as sides of 493 
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Fig. 6 Maximum likelihood phylogenetic tree (1.000 bootstrap replicates) of nifH amino acid 497 
sequences (106 AA). Scale bar indicates 0.1 substitutions per amino acid position. Clones are named 498 
by terrestrial sample_gene name_index number. Separate ONUs are labelled in bold. Accession 499 
numbers are listed (between brackets) next to each sequence name. Bootstrap values < 70% are not 500 
shown. nifD sequences of Pleurocapsa sp. PCC 7516 (EF576871), Mesorhizobium ciceri (AY626911) 501 
and Oscillatoria sancta PCC 7515 (EF576870) were used as an outgroup. Visual clades are displayed 502 
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Fig. 7 Maximum likelihood phylogenetic tree (1.000 bootstrap replicates) of pufM amino acid 507 
sequences (58 AA). Scale bar indicates 10 substitutions per 100 amino acid positions. Clones are 508 
named by terrestrial sample_gene name_index number. Separate OPUs are labelled in bold. Accession 509 
numbers are listed next to each sequence name. Bootstrap values < 70% are not shown. Chloroflexus 510 
aggregans and Roseiflexus castenholzii (accession numbers CP001337 and AB095768) were used as 511 
an outgroup. Visual clades are displayed as gray triangles. Total branch lengths to the closest and the 512 












Description of sample area 
Conductivity 
(µS/cm) 









Small gravel particles in between the rocks,  
moraine slope west 












1362 Grey soil on second part of the ridge 312 6.34 0.23% 0.21% 0.12% 
a
 Data based on Illumina MiSeq 2x 300 bp paired-end sequencing of partial 16S rRNA genes (unpublished data) 516 
 517 
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Table 2 PCR Primers and conditions used for screening different genes 519 







IA & IB 
RubIgFa GAY TTC ACC AAR GAY GAY GA 0.4 µM 
571-1382i 
 
± 800 bp 
95°C (3min); 3x 95°C (1min), 49°C (2min 15s), 
72°C (2min 15s); 30x 95°C (35s), 49°C (1min 15s), 
72°C (1min 15s); 72°C (7min) RubIgRa TCR AAC TTG ATY TCY TTC CA 0.4 µM 
cbbL 
RuBisCO 
IA & IC 




95°C (3min); 35x 95°C (1min), 62°C (1min), 72°C 
(1min 30s); 72°C (10min) [61] 








95°C (3min); 30x 95°C (1min), 50°C (2min), 72°C 
(3min); 72°C (7min) [63] 
cbbM1126Rc CGY ARB GCR TTC ATR CCR CC 0.1 µM 
pufLM AAP 
pufLFd CTK TTC GAC TTC TGG GTS GG 0.2 µM 
64-1612j 
 
± 1500 bp 
94°C (3min); 30x 94°C (1min), 60°C (1min), 72°C 
(2min); 72°C (10min) [93] 








94°C (3min); 15x 94°C (30s), 60°C (45s) (-
0.5°C/cycle), 72°C (30s) ; 20x 94°C (30s), 52°C 
(45s), 72°C (30s) ; 72°C (10min) [85] 








PR-Flavo-2Rf CWA DWG GRT ARA TNG CCC A 0.2 µM 
PR Universal 
PR-1aFg GAT CGA GCG NTA YRT HGA RTG G 1.87 µM 
340-665l 
 
± 335 bp 
94°C (2min), 30x 94°C (30s), 52°C (30s), 72°C 
(30s) ; 72°C (7min) [94] 
PR-1aRg GAT CGA GCR TAD ATN GCC CAN CC 1.87 µM 
nifH Universal 
PolFh 





95°C (5min); 30x 94°C (30s), 53°C (1min), 72°C 
(40s); 72°C (5min) [95] 
PolRh 
ATS GCC ATC ATY TCR CCG GA 
0.3 µM 
a 
data from [59]  
 520 
b 



















data from [65] 527 
i
 Based on the cbbL IA sequence of Bradyrhizobium sp. ORS278 (CU234118). 528 
j
 Based on the pufLM sequence of Sphingomonas sanxanigenens DSM 19645 (CP006644). 529 
k
 Based on the PR sequence of Dokdonia sp. PRO 95 (FJ627053). 530 
l





Table 3 Overview of clone library characteristics. Diversity indices were calculated on the basis of 534 
derived unique protein sequences  535 
  
Clone Library 
KP2 KP15 KP43 KP53 All 
cbbL No. of clones 115 39 123 76 353 
(Primers for IA/IB) No. of OTUs (100% DNA) 44 17 43 30 133 
 No. of OTUs (95% DNA) 6 5 5 4 14 
 No. of ORUs (100% AA) 31 16 30 25 98 
  evenness (H/Hmax) 0.652 0.896 0.478 0.708 0.728 
  Chao1 52.86 20.20 130.00 82.00 276.75 
  Coverage % 58.6% 79.2% 23.1% 30.5% 35.4% 
 Bray-Curtis KP15 0.97     
 KP43 0.99 1.00    
 KP53 0.99 1.00 0.98   
cbbL No. of clones 98 108 122 116 444 
(Primers for IA/IC) No. of OTUs (100% DNA) 41 55 39 70 203 
 No. of OTUs (95% DNA) 14 14 4 16 43 
 No. of ORUs (100% AA) 31 44 31 56 158 
  evenness (H/Hmax) 0.813 0.811 0.587 0.842 0.805 
  Chao1 41.50 102.13 77.00 206.50 388.22 
  Coverage % 74.7% 43.1% 40.3% 27.1% 40.7% 
 Bray-Curtis KP15 0.96     
 KP43 1.00 1.00    
 KP53 0.99 0.96 0.87   
nifH No. of clones 115 119 105 / 339 
 No. of OTUs (100% DNA) 33 31 41 / 103 
 No. of OTUs (95% DNA) 2 3 2 / 3 
  No. of ONUs (100% AA) 24 21 23 / 62 
  evenness (H/Hmax) 0.415 0.392 0.459 / 0.466 
  Chao1 87.33 47.25 50.20 / 50.48 
  Coverage % 27.5% 44.4% 45.8% / 37.7% 
 Bray-Curtis KP15 0.23     
 KP43 0.93 0.93    
pufM No. of clones / 98 98 121 317 
 No. of OTUs (100% DNA) / 37 16 19 68 
 No. of OTUs (95% DNA) / 16 4 6 21 
  No. of OPUs (100% AA) / 29 8 17 49 
  evenness (H/Hmax) / 0.814 0.496 0.525 0.612 
  Chao1 / 46.14 8.75 56.00 98.60 
  Coverage % / 62.8% 91.4% 30.4% 49.7% 
 Bray-Curtis KP43  0.92    
 KP53  0.91 0.57   
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Table 4 Composition of visual clusters and singletons and the origin of their closest neighbor, per clone library. Colors indicate cbbL subtype (Blue = IA, Red 536 






No. of Sequences Closest neighbor 
KP2 KP15 KP43 KP53 Accession no. Origin 
cbbL 1 38     108 43 AY572135 ENV; Germany; Agricultural soil 
Primers for IA/IB 2 7       29 FR849177 ENV; China; Arid soil 
 
3 2   2     CP000494 Bradyrhizobium sp. BTAi1; USA; Stem nodules of Aeschynomene indica 
 
KP15.RuBisCO.AB.Clone7 1   2     CP000494 Bradyrhizobium sp. BTAi1; USA; Stem nodules of Aeschynomene indica 
 
4 4 9       NZ_DS989904 Synechococcus sp. PCC 7335; Mexico; Snail shell 
 
5 3     9   CP003659 Anabaena cylindrica PCC 7122; United Kingdom; Water 
 
6 11 16   5 4 CP003659 Anabaena cylindrica PCC 7122; United Kingdom; Water 
 
7 2 2 2 1   CP003284 Anabaena sp. 90; Finland; Lake water 
 
8 17 83       AB505107 ENV; Japan; Iron-rich snow 
 
9 11   32     AB695365a ENV; Antarctica; Aquatic moss pillar 
 
KP15.RuBisCO.AB.Clone61 1   1     AB695372 ENV; Antarctica; Aquatic moss pillar 
 KP2.RuBisCO.AB.Clone89 1 5       CP003610 Calothrix sp. PCC 6303; USA; Freshwater 
cbbL 1 2 3       JQ964878 ENV; China; Agricultural soil 
Primers for IA/IC 2 32     55 46 AY422925 ENV; Hawaii; 210-yr old Kilauea Caldera Rim volcanic deposit 
 
3 17   45     KF523929 ENV; China; Soil 
 
4 7   15   2 NZ_AUIK00000000 Solirubrobacter soli DSM 22325; Korea; Ginseng field soil 
 
5 3 9       NZ_AUIK00000000 Solirubrobacter soli DSM 22325; Korea; Ginseng field soil 
 
6 5   15     JQ964837 ENV; China; Agricultural soil 
 
7 2     3   JAOB01000069 Mycobacterium xenopi 4042; Human lung 
 
8 4       6 JQ836503 ENV; China; Soil 
 
9 14 21     34 JQ836503 ENV; China; Soil 
 
10 2       2 NZ_JAER00000000 Nocardioides sp. J54; Chile; Atacama desert 
 
11 5   9   1 FO082843 Nocardia cyriacigeorgica GUH-2; Human 
 
12 2   3     NZ_BAFO00000000 Nocardia asteroides NBRC 15531 
 
13 11 36       GU166292 Acidithiomicrobium sp. P2; Pyrite enrichment culture 
 
14 2 3       HQ174601 ENV; China; Cropland soil 
 
15 6       12 HQ388736 ENV; China; Paddy soil 
 
16 17 4   63   CAUA01000016 Nitrosospira sp. APG3; USA; Freshwater lake sediment 
 
KP15.RuBisCO.AC.Clone47 1   1     JQ836457 ENV; China. Soil 
 
KP53.RuBisCO.AC.Clone141 1       1 JQ836514 ENV; China. Soil 
 
KP2.RuBisCO.AC.Clone100 1 2       NZ_AUIK00000000 Solirubrobacter soli DSM 22325; Korea; Ginseng field soil 
 
KP53.RuBisCO.AC.Clone4 1       3 AY422925 ENV; Hawaii; 210-yr old Kilauea Caldera Rim volcanic deposit 
 
KP15.RuBisCO.AC.Clone109 1   2     AY422925 ENV; Hawaii; 210-yr old Kilauea Caldera Rim volcanic deposit 
 
KP2.RuBisCO.AC.Clone102 1 1       JQ836516 ENV; China; Soil 
 
KP43.RuBisCO.AC.Clone116 1     1   JQ836516 ENV; China; Soil 
 
KP2.RuBisCO.AC.Clone84 1 1       NZ_CM001852 Nocardioides sp. CF8; USA; Soil 
 
KP53.RuBisCO.AC.Clone67 1       1 JQ964872 ENV; China; Soil 
 




KP2.RuBisCO.AC.Clone103 1 4       JQ964901 ENV; China; Soil 
 
KP15.RuBisCO.AC.Clone8 1   2     NZ_ATUI00000000 Rubrivivax benzoatilyticus JA2; India; Paddy soil 
 
KP15.RuBisCO.AC.Clone148 1   2     KJ720517 ENV; China; Soil 
 
KP15.RuBisCO.AC.Clone104 1   5   3 HQ174649 ENV; China; Cropland soil 
 
KP15.RuBisCO.AC.Clone152 1   1     HQ174649 ENV; China; Cropland soil 
 
KP15.RuBisCO.AC.Clone52 1   1     HQ174649 ENV; China; Cropland soil 
 
KP53.RuBisCO.AC.Clone92 1       1 KJ720371 ENV; China; Soil 
 
KP53.RuBisCO.AC.Clone47 1       1 KJ720371 ENV; China; Soil 
 
KP53.RuBisCO.AC.Clone25 1       1 AY422900 ENV; Hawaii; 300-yr old forest soil volcanic deposit 
 
KP2.RuBisCO.AC.Clone77 1 1       HQ997091 ENV; China; Cropland soil 
 
KP2.RuBisCO.AC.Clone117 1 1       KJ720363 ENV; China; Soil 
 
KP2.RuBisCO.AC.Clone1 1 2       KJ720363 ENV; China; Soil 
 
KP53.RuBisCO.AC.Clone83 1       1 HQ997138 ENV; China; Cropland soil 
 
KP15.RuBisCO.AC.Clone103 1 7 4   1 KJ720441 ENV; China; Soil 
 
KP15.RuBisCO.AC.Clone18 1   1     JQ836500 ENV; China; Soil 
 
KP2.RuBisCO.AB.Clone110 1 3       DQ149787 ENV; USA; Pine forest and agricultural soils 
 KP15.RuBisCO.AC.Clone113 1   1     CP000494 Bradyrhizobium sp. BTAi1; USA; Stem nodules of Aeschynomene indica 
nifh 1b 60 110 118 105 /  Nostocaceae Cyanobacteria 
pufM 1 10 / 5 68 22 AB486028 ENV; China; Paddy soil 
 
2 13 / 24 
 
24 AVFL01000011 Skermanella stibiiresistens SB22; China; Iron mine soil 
 
3 4 / 24 
  
JF906277 ENV; Germany; Freshwater lake 
 
4 2 / 17 
  
CP001280 Methylocella silvestris BL2; Germany; Acidic forest cambisol 
 
5 4 / 14 
  
KC900142 ENV; Antarctica; Great Wall Cove 
 
6 11 / 8 30 75 JF906279 ENV; Germany; Freshwater lake 
 
KP15.pufLM.Clone55 1 / 2 
  
KC900120 ENV; Antarctica; Great Wall Cove 
 
KP15.pufLM.Clone78 1 / 1 
  
KC465437 Erythrobacter sp. HU12-14; Mongolia; Lake Hulunhu 
 
KP15.pufLM.Clone51 1 / 1 
  
HF947099 ENV; China; Lake Taihu 
 
KP15.pufLM.Clone14 1 / 1 
  
JQ340684 ENV; Pacific Ocean 
 KP15.pufLM.Clone13 1 / 1     AB486028 ENV; China; Paddy soil 
 538 
a
 The environmental sequence with accession number AB695365 is enclosed in the cluster. 539 
b
 The following reference sequences are enclosed in the cluster: L23514 (Nostoc commune), CP001037 (Nostoc punctiforme PCC 73102), KC243672 (Nostoc 540 
sp. LEGE 06106), U04054 (Nostoc muscorum), CP007203 (Nodularia spumigena CCY9414), CP003642 (Cylindrospermum stagnale PCC 7417), CP003943 541 
(Calothrix sp. PCC 7507), and environmental sequences DQ995890, EU915059, AY819602, HM140755, DQ140640, GU196863, KC667460 and KC140445. 542 
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Fig. S1 Comparison of genetic fingerprints (DGGE) of two terrestrial samples collected near the 552 
Princess Elisabeth Station, by use of five different DNA extraction methods. Partial 16S (V1-V3 553 
region) was amplified using primers V3-357F_GC and V3-518R (Temmerman et al., 2003). Partial 554 
pufM gene fragments were amplified using primers pufM557F (Achenbach et al., 2001) and 555 
36 
 
GC_WAWR (Yutin et al., 2008). Gene fragments retrieved were visualized using DGGE. Lanes 556 
designated as 1 and 2 correspond with the two terrestrial samples tested. Different DNA extraction 557 
methods used are labeled as PL (PowerLyzer® PowerSoil® DNA Isolation Kit), C (CTAB), M 558 
(Muyzer), F (FastDNA™ SPIN Kit for Soil) and P (Pitcher). In total, seven different DNA extraction 559 
methods were tested: CTAB, Pitcher, Muyzer, PowerLyzer® PowerSoil® DNA Isolation Kit, 560 
FastDNA™ SPIN Kit for Soil, PowerSoil® DNA Isolation Kit and UltraClean Soil DNA Isolation Kit. 561 
For all methods, protocols were tested with and without modifications (e.g. the influence of bead 562 
bating or an extra lysis step), to optimize DNA yield and diversity. Partial pufM and 16S rRNA were 563 
amplified as described above and visualized using DGGE. The resulting best five DNA extraction 564 
methods were compared in the figure 565 
 566 
  567 
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Fig. S2 Schematic illustration of the cbbL gene of Bradyrhizobium sp. ORS278 (accession number 578 
CU234118). Curly brackets indicate the positions of forward and reverse primers used in this study 579 
(Table 2), to target the different subtypes of RuBisCO type I. Positions of the primers are assigned 580 
according to the DNA sequence of the cbbL gene of Bradyrhizobium sp. ORS278 and given next to 581 
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